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ABSTRACT. Intracellular pH (pHi) imaging is of paramount importance for life sciences.
In this work, we implement the ultrafast electronic and stimulated Raman spectroscopies
to unravel the fluorescence mechanism of an excitation-ratiometric pHi indicator in basic
aqueous solution. After photoexcitation of the pHi indicator HPTS, a hidden chargetransfer (CT) state following the locally excited (LE) state is uncovered as an essential step
prior to fluorescence and this LE®CT transition is gated by ultrafast solvation dynamics.
A 835 cm-1 intermolecular vibrational mode is identified to potentially facilitate the CT
state formation on the 700 fs time scale. Dynamic correlation with the other excited-state
Raman marker bands suggests that the transition between transient electronic states is aided
by solvation events mostly in the molecular plane of HPTS. These vivid structural
dynamics insights can enable the rational design of more efficient and bright pHi indicators
in an H-bonding environment with controllable properties.
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Intracellular pH (pHi) is one of the key parameters in biological systems.1-3 Abnormal
pHi is often an indication of cellular dysfunction and could be related to serious diseases
such as Alzheimer’s and cancer.4,5 Therefore, accurate detection of pHi is vital in cell
studies and biomedical advances. Fluorescent probes offer an indispensable tool to detect
pHi in physiological and pathological processes due to their high sensitivity, spatiotemporal
resolution, chemical modifiability, and noninvasive character.6-8 In practical applications,
to eliminate the influence from measurement parameter changes (e.g. excitation source,
probe concentration, and optical pathlength), ratiometric fluorescent probes that depend on
at least two different excitation/emission wavelengths are preferred.9 To enable the rational
design of biosensors with improved efficiency and veracity, a fundamental understanding
of fluorescence mechanisms of these pHi probes has attracted widespread interest.
Among all the fluorophores, HPTS (8-hydroxyperene-1,3,6-trisulfonic acid) is an
excitation-ratiometric pHi indicator with a pKa of ~7.3 in aqueous solution.10-13 Due to its
low cost, high water-solubility, photoprotection properties (e.g., sustaining high excitation
intensities across a broad wavelength range),14,15 and low toxicity, it has been widely used
to measure the pHi in physiological environments such as the cytoplasm and other
organelles.3,14,16 The chemical structure of HPTS consists of a four-ring system with an O–
H group at one of the aromatic rings. Different pH can change its protonation states and
shift its absorption.11,13,17,18 At acidic pH, its photoacid (PA) form absorbs at 400 nm and
emits green fluorescence at 510 nm (Figure 1a). At basic pH, the photobase (PB) shifts its
absorption maximum to 454 nm while the emission still peaks at 510 nm. Therefore,
ratiometric imaging is highly suitable for HPTS under 450/405 nm excitation, taking
advantage of the fluorescence by exciting the PB/PA states and tracking their emission
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intensity ratios in situ.9,16 HPTS can thus serve as an archetypal system to investigate the
fluorescence mechanisms of effective pHi indicators.

Figure 1. Steady-state electronic spectroscopy of HPTS in water with models for PB*
fluorescence. (a) Normalized absorbance spectra of HPTS in acidic (pH=4.5) and basic
(pH=12) aqueous solutions are shown in dashed and solid black lines, respectively. The
PA* fluorescence after 400 nm excitation is denoted by solid magenta, with the PB*
fluorescence after 400, 450 and 480 nm excitation denoted by solid cyan, dashed red and
dash-dotted green, respectively. (b) One-state PB* model, the molecule emits fluorescence
within the same electronic state. (c) Two-state PB* model, the molecule undergoes an
LE®CT transition before fluorescence. In this simple scheme, the downward arrow does
not differentiate between (transient) stimulated emission and (steady-state) fluorescence.
4

The PA fluorescence of HPTS has been extensively studied by ultrafast techniques, all
showing the involvement of excited state proton transfer (ESPT).13,17-23 This
photochemical reaction is mainly characterized by two stages: after being pumped to the
excited state PA*, it forms a contact-ion pair via a hydrogen(H)-bond with water on the 2–
3 ps time scale, and transfers the proton to water on large scales with a ~90 ps time constant.
As a result, it converts into an excited photobase (PB*) emitting green photons. The PB
fluorescence in basic solution is considered to arise from the directly excited PB* state
without ESPT, but little is known about this process from a seemingly straightforward
deprotonated state. Two hypothetical 1D models could describe the energy dissipation
pathways. In the first model (Figure 1b), fluorescence comes from the initially pumped
locally excited (LE) state. In the second model (Figure 1c), a nearby charge-transfer (CT)
state24-26 needs to be involved before emission. Furthermore, since the coupling between
solute vibrational motions and solvent coordinates could significantly alter the shape of
potential energy surface (PES), it remains an intriguing question and requires a suitable
spectroscopic toolset for elucidation.
In this work, we dissolved HPTS in basic water (pH=12) to push the ground-state
equilibrium toward pure PB (Figure 1a). To unravel the working mechanisms of the
alkaline PB* species from the electronic ground to excited state, we implemented two
complementary ultrafast spectroscopic techniques, femtosecond transient absorption (fsTA)27 and femtosecond stimulated Raman spectroscopy (FSRS)28-33 which specifically
enable us to glean the correlated electronic and vibrational motions (e.g., Figures S1 and
S2 in Supporting Information) of the fluorophore during a non-equilibrium process. In
pH=12 water, the PB:PA population ratio is ~5×104:1, so it is reasonable to neglect
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contributions from the PA form. After 400 nm photoexcitation of HPTS in acidic or basic
water, the major green fluorescence peak is at 510 nm. By exciting PA in acidic aqueous
solution (pH=4.5), a small shoulder at 442 nm is also present.22 Being ~18 times smaller
than the main peak, this shoulder represents the PA* emission (Figure 1a). In contrast,
exciting the PB state leads to no fluorescence in this region, which confirms that the PA
population in pH=12 solution is negligible. The fluorescence of PB species after 400, 450
and 480 nm excitation all peaks at 510 nm, indicating that various excitation wavelengths
within the broad PB absorption band (centered at 454 nm) can guide the solvated molecules
to reach the same fluorescent state (FS, see a depiction in the TOC Graphic).

Figure 2. Femtosecond transient absorption (TA) implies the PB* dynamics of HPTS in
water (pH=12). (a) TA contour plot on a semilogarithmic scale after 400 nm excitation. (b)
6

Kinetic trace and integrated intensity fit of the main stimulated emission band from 519 to
523 nm (blue) with time constants. The arrows represent the dominant temporal
components on those characteristic time scales and the associated multiexponential time
constants are all least-squares fitted starting from the same photoexcitation time zero.

To unravel the fluorescence mechanism, we first performed fs-TA on HPTS in water
(pH=12) after 400 nm photoexcitation. A strong stimulated emission (SE) band within ca.
495–610 nm, a narrow excited state absorption (ESA) band at 470–495 nm and a broad
ESA band to the red side of ~610 nm are observed (Figures 2a and S3c). Notably, the SE
band at 520 nm does not reach its highest magnitude after excitation until at ~6 ps. Upon
least-squares fitting, this SE band intensity exhibits a biexponential rise (Figure 2b). The
first rise time constant of <100 fs is due to our cross-correlation time (SI text). The second
time constant of 1.2 ps may arise from two scenarios. In one case, since the 400 nm pump
is ~3000 cm-1 higher in energy than the major PB absorption peak at 454 nm, the molecule
is excited to a higher location on the S1 surface, so it takes ~1 ps to slide down the PES and
emits from the same state (Figure 1b). Alternatively, the PB* molecule needs to cross a
small barrier and reach a CT state with a ~1 ps time constant, prior to further relaxation
from that newly formed CT state and fluorescence from the final emissive state (Figure 1c).
To clarify the PB* relaxation pathways, we performed an fs-TA control experiment
with a 480 nm pump, on the red side of the PB absorption peak (Figure 1a).34 If the ~1 ps
process is due to scenario 1, an incident photon with a much reduced (by ~4200 cm-1)
energy should pump the molecule to a lower PES region and the initial process could be
shortened if there is an ultrafast relaxation phase before solvation events. Also, the SE band

7

should exhibit a continuous redshift which is reminiscent of the time-resolved fluorescence
spectroscopy in tracking solvent relaxation.35-37 In contrast, if scenario 2 occurs, this
process should remain largely intact since its rate is governed by the small barrier between
LE and CT states (i.e., the molecule needs to escape the “bottleneck”), while the SE
dynamics may become more complex on intrinsic molecular time scales prior to
fluorescence. Figure 3 presents the dynamics of the same SE region (519–523 nm) as
Figure 2b. It is clear that the SE band does not reach its maximal intensity within the crosscorrelation time22 and the signal rise exhibits similar time constants as the 400 nm pump
case: <100 fs and 1.3 ps. This comparison indicates that Figure 1c with an intermediate
step is likely the case for PB* evolution. A detailed comparison between the steady-state
and time-resolved electronic spectroscopic data (Figure S4) in pH=12 water without and
with 50% (v/v) methanol shows a broader absorption band width than the fluorescence
band width while the less relaxed SE band width is in between. This result implies the
involvement of a transient CT state26,38 out of the Franck-Condon (FC) region (i.e., not just
the one-state S1 relaxation as depicted in Figure 1b) on ultrafast time scales after electronic
excitation (but before the radiative emissive state) of the HPTS deprotonated chromophore.

8

Figure 3. The SE band dynamics of the deprotonated HPTS up to 900 ps after 480 nm
excitation in water (pH=12, red circles) and a binary water-methanol mixture (pH=12,
black squares). Least-squares fits are shown in the color-coded solid curves with the multiexponentially fitted time constants noted.

Interestingly, the systematic comparison between three molecular systems that are
incapable of ESPT (i.e., HPTS in methanol, MPTS in water, and HPTS in pH=12 water)
in Figure S3 provides further evidence that an intermediate electronic state is formed on
the few ps time scale for the HPTS in pH=12 water case because the SE peak exhibits a
small blueshift (i.e., 522®519.5 nm) within ~6 ps and then remains unchanged in peak
wavelength on the tens to hundreds of ps timescale within our detection window. This key
observation is consistent with the more prominent charge redistribution in an electronically
excited anionic chromophore with a specific H-bonding interaction to nearby solvent
molecules (i.e., at the phenolate oxygen site), which has been extensively discussed on the
basis of transient absorption and computational results.25,39-42 We further surmise that the
initially observed SE band blueshift (see Figure S3c for an enlarged plot) is correlated with
the formation of a CT state via a small activation energy barrier from the LE state with
relatively weak emission,26,38,42,43 so the dominant SE band on the sub-ps to hundreds of ps
time scales arises from the CT state. In the same context of excited state LE®CT transition,
we consider the 454 nm absorption band is due to S0®CT that has the red tail beyond 500
nm (Figure 1a). On the shorter wavelength side below ~400 nm, the sharper absorption
component exhibits resolved vibronic structure which supports its assignment to the more
strongly allowed S0®LE transition.38,43 A relevant HOMO and LUMO illustration with
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significant charge redistribution across the conjugated ring system of HPTS can be seen in
Figure S5, which corroborates the ready access to a CT state after electronic excitation.25,39
Also, since the ~1 ps time constant well matches water molecular reorientation
time,18,40 this barrier crossing and charge transfer process could be strongly coupled with
solvation, arising from the dipole-dipole interactions between solute and solvent. For
confirmation, we dissolved HPTS in a binary water-methanol mixture (50% v/v, pH=12)
and performed fs-TA with a 480 nm pump. Overlaying the same TA spectral region shows
that the time to reach the strongest SE is delayed in the water-methanol mixture versus
water (Figure 3). Outside the cross-correlation region, the dynamics are biexponentially
fitted with time constants of 0.9 ps (53%) and 9.0 ps (47%), corresponding to typical
solvation time of water and methanol, respectively.21,44,45 We note that the typical
multiexponential fit function is 𝐼 𝑡 =

% 𝐴%

∙ exp (−𝑡 𝜏% ) wherein the summation of the

pre-exponential amplitudes is normalized to unity (

% 𝐴%

= 1) and the retrieved time

constants 𝜏% are all fitted starting from the same time zero. This result infers that solvation
dynamics control the charge redistribution inside the nascent PB* molecules, which are
expected as the negative charge on the phenolate oxygen migrates to the conjugated
aromatic ring system in S1 (pp*), supported by experimental and computational studies
(see Figure S5 for the representative HOMO and LUMO illustrations from time-dependent
density functional theory (TD-DFT) calculations at the RB3LYP/6-31G++(d,p) level of
theory without any explicit water molecules in the vicinity of the chromophore).25,39 In
addition, using the red-edge excitation concept,34,46 similar transient electronic dynamics
after 480 and 400 nm excitation confirm that solvent relaxation time is much shorter than
the PB* fluorescence lifetime.
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After the PB* SE band reaches its maximal intensity upon 400 nm excitation, it decays
biexponentially with time constants of 83 ps (21%) and 1.9 ns (79%) (see Figure 2b). The
83 ps component may involve conformational change of the solute and/or further solvation
events.18,19,21,22,40 The much longer 1.9 ns component in Figure 2b reflects the typical
fluorescence process. After 400 nm photoexcitation, we measured the PB* fluorescence
quantum yield to be ~0.60, suggesting that a notable PB* population could decay
nonradiatively via the ~80 ps channel, which differs significantly from the ~2 ns pathway.
Notably, changing the pump wavelength to 480 nm yields similar SE band decay dynamics
in pH=12 water (Figure 3): 86 ps (21%) and 1.4 ns (79%). These time constants are
lengthened to 190 ps (25%) and 3.5 ns (75%) in the water-methanol mixture (see SI text
for an extended discussion) but without a notable change of the fluorescence quantum yield.
A plausible explanation is that the delayed formation of the CT state may be compensated
by the lengthened nonradiative decay pathway in the water-methanol mixture, thus leading
to a similar quantum yield of radiative emission as in water. This comparison signifies that
both nonradiative and radiative decay pathways from the transient CT state are affected by
solvent properties, mainly regarding the dielectric constant, polarity, viscosity, molecular
size, and H-bonding capability to specific sites of the solute molecule.25,35,42,47,48
Based on the fs-TA results in various solutions and with different excitation
wavelengths, the PB* species need to navigate through a previously unknown CT state,
affected by an ultrafast solvation process, prior to fluorescence. Systematic comparison
between the electronic population dynamics of the photoexcited HPTS and its methoxy
derivative MPTS in solution on the fs to ps time scales (see Figure S3) corroborates this
remarkable finding. The dominant SE band dynamics are not significantly affected by the
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much weaker ESA bands (Figures 2 and S4), while the SE band maximum and width is
redder and broader than the steady-state fluorescence band, respectively. This observation
cannot be explained by a simple spectral overlap between the SE band and adjacent ESA
band(s) because that would reduce not broaden the SE band width. To gain further insights
into the nuclear motions that facilitate an intermediate CT state, we performed the timeresolved FSRS with a 400 nm actinic pump. A 580 nm Raman pump is chosen because it
provides an effective pre-resonance enhancement for transient Raman signals without
inducing undesirable dispersive line shapes.22,23,49 This Raman pump has elucidated
structural dynamics of PA* undergoing ESPT reaction to convert to PB* in water.15,22,23
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Figure 4. Time-resolved FSRS elucidates molecular structural dynamics after 400 nm
excitation. (a) Semilogarithmic contour plot of the excited-state spectra of 1.0 mM HPTS
in water (pH=12) with prominent marker bands highlighted by dashed lines and black
rectangles. The ground-state spectrum is plotted below in blue. (b) Transient Raman peak
intensity plot of the 835 cm-1 (black) and 1155 cm-1 (red) modes with the multi-exponential
fits and time constants. The atomic motion of the 835 cm-1 mode is depicted in the inset.
The vicinity of the chromophore phenolate oxygen is highlighted (green dashed circle).

Figure 4a presents the excited-state FSRS data of the PB* species after 400 nm
excitation of PB. Several modes (e.g., 482, 1155 cm-1) promptly reach their maximal
intensity and then decay. However, some modes (e.g., 835, 1558, 1622 cm-1) gradually rise
and do not decay until after several ps. This vibrational dynamics difference manifests a
multidimensional PES wherein an intermediate electronic state exists46 during PB*
progression (Figure 1c), otherwise all the Raman bands in the same state would rise and
decay simultaneously. For detailed analysis, the intensity dynamics of two marker bands
at 835 and 1155 cm-1 are contrasted in Figure 4b. The 1155 cm-1 mode rises to its maximum
within cross-correlation time (<100 fs) and exhibits a biexponential decay of 500 fs (32%)
and 650 ps (68%), while the 835 cm-1 mode rises with a 700 fs time constant and decays
with a 750 ps time constant. Since the 500 fs decay time is slightly faster than the 700 fs
rise (both correlated with TA dynamics), we surmise that the transition out of the LE state
is concomitant with transition into the CT state. The small difference between time
constants can be rationalized by considering the change of resonance enhancement
conditions when the photoexcited molecules move out from the FC region.22,30,46,50 The
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second time constant on the hundreds of ps time scale involves nonradiative and radiative
decay pathways like molecular structural motions and fluorescence, governed by the
interplay between the PB* species and local environment in solution phase.13,31,40
The mode-dependent vibrational dynamics are deeply rooted in the nature of their
associated motions. We performed TD-DFT calculations at the RB3LYP/6-31G(d,p) level
of theory with two explicit adjacent water molecules (see SI text and Figure S1 caption for
computational details).51 Such calculations have aided the ground and excited state
vibrational assignment for HPTS in aqueous solution.15,22,52 To better model the vicinity of
PB* species while avoiding introducing too many water-only modes, we explicitly
incorporate two key water molecules that can form H-bonds with the phenolate oxygen of
HPTS. The calculated 837 cm-1 mode (see Figure 4b inset) involves the in-plane ring
asymmetric deformation with small-scale C–O(–) stretching and the O–H bending of one
adjacent water molecule. In contrast, the 1155 cm-1 mode consists of the ring-H rocking
with small-scale ring in-plane deformation, which does not include the C–O(–) group or the
neighboring water molecules (Figure S1b). Similarly, the other 482 cm-1 mode without a
delayed “onset” consists of ring out-of-plane deformation, also an intramolecular skeletal
motion (Figure S1a). These quantum calculation results suggest that the early structural
dynamics of PB* moving out of the LE state mainly concern intramolecular motions of the
chromophore (i.e., solute), whereas the intermolecular vibrational motions involving the
phenolate oxygen and nearby water molecules (i.e., within the first solvation shell) are
more sensitive to the initial solvation step and subsequent formation of the intermediate
CT state (where the dominant SE band is observed in Figures 2, 3, S3c and S4, followed
by further energy stabilization and arrival at the fluorescent state). This model is consistent
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with the deprotonated nature of the PB* species hence an ultrafast intermolecular motion
observed for the initial ESPT phase of the PA* species22 is absent in this work.
Besides these two prominent marker bands, other Raman modes also exhibit
characteristic behavior. For example, the 482 cm-1 mode shows similar intensity dynamics
as the 1155 cm-1 mode. The ring in-plane C=C stretching mode at 1558 cm-1 (Figure S1c,
calculated at 1543 cm-1) exhibits intensity dynamics reminiscent of the 835 cm-1 mode.
These comparisons indicate that the conjugated ring out-of-plane (in-plane) motion is less
(more) sensitive to the ultrafast solvation step. In other words, water molecules above or
below the HPTS molecular plane may contribute less to the initial solvation phase whereas
the surrounding water molecules in the HPTS plane are more effective in facilitating the
PB* transition into the CT state (e.g., see Figure 4b inset for the in-plane 835 cm-1 mode
composition). These vibrational modes could also act as the accepting modes for the energy
in the ultrafast CT reaction following actinic photoexcitation.38 Notably, the prompt rise
and ~500 fs decay of the 1155 cm-1 mode (Figure 4b) does not contradict this interpretation
because the associated in-plane motions mainly involve the much lighter hydrogen atoms
(not the carbon atoms) in the chromophore molecular structure.
Based on these insights, adding an extra hydroxyl on the ring system to form additional
in-plane H-bonds with the solvent may help reach the CT state faster and more efficiently,
which could increase the fluorescence quantum yield (brightness) of the chromophore in
solution. In essence, we consider that the ~1 ps water solvation effectively gates the
optimization of the immediate H-bonding network around PB* species freshly out of the
FC region, so it can overcome the small energy barrier to reach the CT state before further
relaxation (e.g., vibrational relaxation, solvation over large distances, excited state solute
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reaching equilibrium with the solvent cage) and fluorescence (on the ns time scale).
Besides a more efficient accumulation of the CT state population, the additional H-bonding
interactions and/or steric hindrance could suppress the nonradiative decay channel (e.g.,
~80 ps in water and 190 ps in the water-methanol mixture) and thus enhance
fluorescence.33,53 We note that the rich experimental data and information retrieved from
spectral analysis of a relatively small photoacid (e.g., deprotonated HPTS) could inspire
theoreticians and computational groups to perform ab initio molecular dynamics
calculations54,55 with systematic variation of water molecules in the system, preferably with
optimized functional and basis sets to model charge transfer characteristics and hydrogen
bonding interactions. The detailed comparison between experiments and calculations will
enable us to gain further insights into the solvation interactions between HPTS and water
molecules and the effect on fluorescence properties.
Is this solvation process necessary for the fluorescence of all deprotonated molecules
in solution? Since HPTS is a small organic molecule, it would be beneficial if a
macromolecule with similar properties can be studied, like a green fluorescent protein
(GFP) S65T/S205V double mutant.56 The neutral form (A) of its chromophore absorbs at
400 nm and undergoes ESPT with a ~110 ps time constant. The deprotonated form (B) is
dominant because of the S65T mutation and the main absorption peak is at 505 nm. After
500 nm photoexcitation, fs-TA yields key results on the deprotonated chromophore
dynamics in a protein matrix. Focusing on SE peak region, we plot the integrated dynamics
from 516–518 nm in Figure S6. Interestingly, the SE band of the protein chromophore B*
rises to its maximal intensity within the cross-correlation time (<100 fs). This observation
infers that (1) not every deprotonated chromophore has a delayed onset of its SE band
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maximum, and (2) the necessity for a distinct solvation step before emission depends on
the local environment. Inside a protein pocket such as GFP, the chromophore is well
protected by the b-barrel structure with much less solvent exposure than a solvated
chromophore like the HPTS PB* species in water. We recognize that this discussion
concerns a different chromophore in a different environment which may not be the most
direct case, however, the commonality of deprotonated organic fluorophores in polar
environments involving water still provides useful comparisons and deeper insights into
the relevant charge transfer, solvation, and fluorescence on characteristic time scales (see
below). These results are also illustrative due to the coincidence of the initial and final
electronic states (e.g., PB in Figure 1b and c) without involving different charge states like
those typically found in ESPT systems.12,13,17-23,26,30,40,41,50
On longer time scales, the protein B* SE band decays with 180 ps (6%) and 1.8 ns
(94%) time constants. The ns process is dominant (94%) while the ps process (6%) is minor
but required for a satisfactory fit. In contrast, for HPTS PB* in water or water-methanol
mixture the ps process has an amplitude weight of ~20% (Figures 2b and 3), suggesting
that more flexible solvent molecules (versus protein residues or structured water)30,57 could
quench fluorescence and open other energy dissipation channels. As a result, for small
molecules with significant solvent access, solvation promptly occurs after photoexcitation
on the fs to ps time scale, aiding the molecule to dissipate the sudden influx of energy and
undergo the LE®CT transition before further relaxation into the radiative emissive state.
For macromolecules, if the chromophore is embedded in a protein matrix with much
reduced solvent access, the solvation process and solvent relaxation become negligible or
unusually long57 and fluorescence occurs from the same electronic state.
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In summary, using a combination of fs-TA and excited-state FSRS with tunable fs and
ps laser pulses in the near-UV to visible region, we uncover an intermediate electronic state
of a deprotonated pHi indicator in water. After photoexcitation, the HPTS PB* species
rapidly moves out of the LE state to overcome a small energy barrier controlled by
solvation, leading to a ~1.2 ps time constant in water and the formation of a CT state. In a
binary water-methanol mixture, solvation is lengthened with an additional 9 ps time
constant corresponding to the methanol longitudinal relaxation time.26,44,45 The pertinent
excited-state intramolecular charge separation reaction is essentially revealed to be solvent
controlled on the S1 surface. From correlated structural motions in time-resolved FSRS, we
identify a 835 cm-1 in-plane HPTS ring deformation mode with C–O(–) stretching and the
O–H bending of an adjacent water molecule along the solvation coordinate. Our new
spectroscopic results also imply that the in-plane solvation plays a more significant role
than the out-of-plane solvation in driving the LE®CT transition. The subsequent energy
relaxation pathways on the ps to ns time scales are affected by solvent mainly regarding
the competition between structural motions and fluorescence via nonradiative and radiative
pathways.53,58 The comparison to a deprotonated chromophore inside GFP offers further
insights into the relevance and implications for such a dynamic solvation process, which is
intimately dependent on the microenvironment. Our systematic and comprehensive
findings thus challenge the common perception of a fluorescent dye undergoing a standard
solvation process and straightforward skeletal relaxation. Besides demonstration of the
unique power of FSRS in delineating multidimensional PES in a reactive state which is
significant on its own merit, our findings offer crucial insights into the real-time
fluorescence mechanisms of intracellular pH indicators and illuminate the potential key
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role of ultrafast solvation (coupled to characteristic vibrational motions) as a precursor for
fluorescence of small molecules in solution.

Supporting Information. This material is available free of charge on the ACS
Publications website at http://pubs.acs.org.
Detailed experimental methods including femtosecond transient absorption (fs-TA),
femtosecond stimulated Raman spectroscopy (FSRS) and quantum calculations, further
discussions on ultrafast spectral data and analysis, Figures S1–S6 on vibrational mode
assignment, calculated ground state Raman spectra with two or three explicit water
molecules, fs-TA comparisons, steady-state absorption and emission/stimulated emission
contrast, molecular orbital illustration, fs-TA of a deprotonated chromophore in a GFP
mutant, additional references, and the full authorship of Gaussian 09 software (PDF)
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